Abstract Vascular calcification is commonly associated with aging. Quantification of calcium accumulation in vessel walls is important in understanding the mechanisms of vascular calcification. To elucidate age-related change of calcification, site dependence of calcification, and the effect of hemodynamic stress on calcification, we measured calcium contents in various blood vessels with atomic emission spectrometry and simulated blood flow in the vessels by computational fluid dynamics. The content of calcium in the arteries increased progressively with aging while there is no change in the veins. The higher accumulation of calcium occurred in the arteries of the lower limb in comparison to the arteries of the upper limb. In the arterial bifurcation, there was the correlation at hemodynamic stress distribution and calcium content. The results of this study quantitatively support clinical findings of nonuniform calcification, and suggest that hemodynamic stress affects vascular calcification.
Introduction
Calcification of blood vessels commonly seen with aging, and is highly correlated with cardiovascular disease. Previous reports (Kanabrocki et al., 1960; Yu et al., 1963; Elliott et al., 1994) have shown that calcium accumulations are usually absent from the aorta or specimens under 20-ysers of age; afterward, the incidence and the extent of those accumulations (in the average specimen examined) rise markedly and continuously along advancing age of the specimens. For quite some time, vascular calcification was regarded as a passive, inevitable consequence of aging. However, there is now good evidence that suggest vascular calcification is a regulated process, much like the process of calcification of bone (Abedin et al., 2004; Speer et al., 2004; Vattikuti et al., 2004) .
Vascular calcification occurs at two distinct sites with in the vessel wall: the intima and media. Intimal calcification occurs in the context of atherosclerosis, associated with lipid, macrophages and vascular smooth muscle cells, whereas, medial calcification can exist independently of atherosclerosis and is associated with elastin and vascular smooth muscle cells. The most interesting feature of atherosclerosis is nonuniform distribution in the body. It occurs only at certain sites of arteries that have relatively complex geometries, such as a bifurcation. Because the flow pattern in the arterial sites has complex profile, hemodynamic stresses (shear stress, pressure) acting on the arterial wall may be closely related to atherogenesis (Stehbens, 1975; Nerem, 1993; Davies, 1995; Frangos et al., 1999) . Although the hemodynamic stresses probably affect medial calcification, little research on relationship between medial calcification and hemodynamics has been carried out.
Quantification of calcium accumulation in a vessel wall is important in understanding the mechanisms of vascular calcification. Optical measurement of calcium content with atomic emission spectrometry provides the high-precise analysis of calcium content. Therefore, we have developed a technique of microwave-induced plasma-atomic emission spectrometry, and have measured calcium contents in human tissues (Tateyama et al., 2000; Tohno et al., 2001) . In the present study, we measured calcium contents in various blood vessels to elucidate the age-related change of calcification, and measured calcium contents in continuous arteries of upper and lower limbs to clarify the site dependence of calcification. Moreover, to examine the relationship between calcification and hemodynamic stresses, we measured calcium content in an arterial bifurcation and simulated the blood flow in the bifurcation by computational fluid dynamics.
Materials and Methods

Sample
Cadavers were treated by injection of a mixture of 36% ethanol, 21% ethylene glycol, 14% formalin, and 1% cell conditioner (Champion Product, USA) through the femoral artery. After ordinary dissection by medical students was finished, blood vessels were removed and washed with distilled water.
For calcium content determination, the vessel was divided into cylindrical segments. After the segments were dried for 16 h at 80°C, the weight of each segment was measured. Then the segments were incinerated for elimination of organic matter. After 1 ml of nitric acid was added, they were heated for 2 h at 100°C in a dry block bath. After the addition of 0.5 ml perchloric acid, they were heated for a further 2 h at 100°C. The samples were adjusted to a volume of 10 ml by adding ultrapure water and filtered through the filter paper with a pore size of 4 mm.
Calcium content measurement
The calcium content in the resulting filtrate was determined by microwave-induced plasma-atomic emission spectrometry (Fig. 1) . The sample solution was nebulized by ultrasound, and introduced into the microwave-induced plasma source in a discharge tube. The emission of exited the sample was led into a monochromator, and the transient emission signal was detected by a photomultiplier tube. The wavelength of selected spectrum line was 393.4 nm. The signal from the photomultiplier tube was amplified with a lock-in amplifier, and stored in a computer. The content of calcium was quantified with a predetermined calibration curve, and expressed on a dry-weight basis.
Blood flow simulation
The blood flow in an arterial bifurcation was simulated by computational fluid dynamics (CFD). We used an ideal computational model with simple geometrical parameters. A rigid bifurcation model was constructed from cylinders and a sphere. The geometrical parameters of the cylinders (branching angle, diameter, and length) are the measured values. Cylindrical flow extensions were matched to the surfaces of the inlet and outlets to facilitate the imposition of fully developed velocity boundary conditions as described below. A rectangular constructed mesh was generated in the bifurcation model.
Flow field in the model was computed by the finite volume method. The solver we used is a commercial CFD code (STREAM; Software Cradle, Japan). Boundary conditions were as follows: On the inlet surface, the velocity condition was uniform (0.25 m/s). On the outlet surfaces, the pressure and the gradient of pressure were zero. On the arterial wall, a non-slip condition was applied. We assumed a steady flow condition, ignoring the pulse of blood flow. The viscosity and density of the fluid were assumed to be those of water.
Results
Age-related change of calcification
For elucidation of age-related calcification of vessel wall, we measured calcium contents in the thoracic aorta, femoral artery, internal jugular vein, and inferior vena cava. The subjects consisted of 11 men and 7 women, ranging from 59 to 91 years old. The content of calcium in the thoracic aorta increased progressively with ageing ( Fig. 2(a) ). The correlation coefficient between age and calcium content was estimated to be 0.667 (pϭ0.0025), indicating a significantly positive correlation between them. The content of calcium in the femoral artery also increased with aging ( Fig. 2(b) ). There was a high correlation of the calcium content between the thoracic aorta and the femoral artery in single human. As calcium increased in the thoracic aorta, it increased also in the femoral artery. In contrast, the calcium contents in the veins (internal jugular vein and inferior vena cava) were lower than these in the arteries, and they were independent on age ( Fig. 2(c), (d) ).
Site dependence of calcification
To clarify calcium distribution in a single subject, we determined the calcium content of all the arteries in the upper and lower limbs continuously (Tohno et al., 2001) . The subject was a 72-years-old woman. Figure 3 demonstrates the distribution calcium contents in the arteries of upper and lower limb.
In the upper limb, a calcium content over 10 mg/g was detected in 4 out of 38 segments (11%) of the arteries in the upper limb. The high content of calcium was found in each segment of the axillary, brachial, radial arteries, and dividing site between the radial and ulnar arteries. The mean content of calcium in the arteries was 5.10Ϯ4.58 mg/g.
In the lower limb, the mean content of calcium was 12.03Ϯ 15.69 mg/g, and it corresponded to a 2.4-fold amount compared to the mean content in the arteries of the upper limb in the same subject. A calcium content over 10 mg/g was found in 18 out of 59 segments (31%) of the arteries (the common, external, and internal iliac arteries: 9 out of 10 segments, the femoral artery: 7 out of 20 segments, the anterior and posterior tibial arteries: 2 out of 29). An especially high content of calcium was present in the common, external, and internal lilac arteries. 494 Optical Measurement of Age-Related Calcification in Human Blood Vessels 
Calcification and hemodynamics
To examine the relationship between calcification and hemodynamic stresses, we measured the calcium contents of an arterial bifurcation and simulated the blood flow in the bifurcation. The sample was a bifurcation from the common iliac artery to the internal and external iliac artery of a 77-years-old man. There was no local macroscopic atherosclerosis in the bifurcation.
The calcium content (Fig. 4(a) ) showed nonuniform distribution even in the bifurcation. At the outer wall of the branching site to the internal iliac artery, the calcium content was the highest. In comparison of the mean calcium contents of each artery, the calcium content of the external iliac artery was lower than the others. The calcium content tended to be higher in the outer wall than inner wall.
The flow field in the bifurcation had a typical velocity profile: low velocity region near the outer wall of the branching site. At the branching site to external iliac artery, reverse flow was observed. The pressure on the arterial wall (Fig. 4(b) ) was the highest at the apex of the bifurcation, and the pressure on the external iliac artery was higher than the other arteries. The wall shear stress (Fig. 4(c) ) was also the highest at the apex of the bifurcation, and shear stress on the outer wall was lower than the other wall.
Discussion
The present study revealed nonuniformity of vascular calcification. As calcium accumulation occurred in the thoracic aorta, it occurred simultaneously in the femoral artery but not Fukushima, S et al. J Physiol Anthropol Appl Human Sci, 24: 493-496, 2005 495 in both internal jugular vein and inferior vena cava. In the arteries of the single subject, the higher accumulation of calcium occurred in the arteries of the lower limb in compression with the arteries of the upper limb and the extremely high accumulation of calcium occurred in the common, external, and internal iliac arteries. These results quantitatively supported clinical findings of nonuniform calcification.
The results of calcium content and flow field in the arterial bifurcation indicated that there was the correlation at hemodynamic stress distribution and calcium content: calcium content was low in high presser region and, calcium content was high in low shear stress region. The correlation suggests that hemodynamic stress affects calcification of vascular wall, similar to the well-known relationship between hemodynamic stress and atherogenesis. It is likely that mechanical strain of an arterial wall, which is due to blood pressure, may mediate medial calcification. Mechanical strain is a strong regulator of smooth muscle cell phenotype and is crucial for maintenance of smooth muscle cells in a differentiated state (Lehoux et al., 1998) , and smooth muscle cells are implicated as one of the primary cell types associated with arterial calcification (Wada et al., 1999) . Because the present computational model of artery was rigid and has the limitation of strain analysis, we have to analyze the strain of arterial wall with an elastic computational model. 
